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Real-Time and Near Real-Time Displacement
Monitoring With GNSS Observations
in the Mining Activity Areas

Damian Tondas

Abstract—Ground deformations can be determined via various
measurement methods, such as levelling, laser scanning, satellite
navigation systems, synthetic aperture radar, and many others.
In this article, the authors present cross-validation displacement
monitoring results obtained via real-time (RT) and near real-time
(NRT) global navigation satellite system calculation scenarios. To
verify and validate the quality of RT and NRT long-term dis-
placements, an independent postprocessing (P-P) service was es-
tablished. The study area was located in the Upper Silesian coal
mining region in Poland. The verification procedure for the RT and
NRT systems included a demonstration of the achieved accuracy,
the time span required to detect a significant displacement, and
the determination of the minimum detectable value of deforma-
tion. Regarding the P-P data source, the NRT service had root
mean square (RMS) errors of approximately 2 and 4 mm for
the horizontal components, while the RT errors ranged from 5
to 10 mm. In the vertical direction, the NRT strategy had RMS
errors of 5-6 mm, while the RT service achieved the accuracy of 10
mm. The minimum detectable values of deformation for the NRT
procedure were 5, 7, and 11 mm in the northern, eastern, and up
directions, respectively. For the RT system, the significant values
were determined to be 10 and 15 mm for the horizontal and 20 mm
for the vertical components.

Index Terms—Global navigation satellite system (GNSS)
displacement monitoring, mining deformations, near real-time
(NRT), real-time (RT).

1. INTRODUCTION

ONITORING deformations caused by underground
mining activity using global navigation satellite system
(GNSS) measurements has been a global standard for two
decades (e.g., [11, [2], [3], [4], [5]). These monitoring tech-
niques combine epoch measurements with one of the following
methods: the rapid-static method with double difference (DD)
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phase observations [1], the static precise point positioning (PPP)
method [6], the real-time kinematic (RTK) method [2], and PPP
[3], and a postprocessing (P-P) method [7]. The P-P monitoring
mode is mostly done in DD as in the daily processing performed
for the International GNSS Service (IGS) or the EUREF Perma-
nent Network (EPN).

The particular GNSS observation technique determines sub-
sequent parameters that have a direct impact on the feasibility
and precision of long-term ground deformation monitoring.
Among the mentioned criteria, we can distinguish the character
of conducted measurements (permanent or campaign), the type
of GNSS products (real-time, ultrarapid, rapid, final), the inter-
val of observations (e.g., 20 Hz, 10 Hz, 1 s, 30 s), or the quality
of the GNSS equipment (geodetic, low-cost) [8].

The GPS-RTK campaign approach for mining deformation
monitoring was presented by Gao et al. [9]. The authors per-
formed surveys with 1 s and 20 Hz intervals of observations and
established the accuracy on level 10 mm in vertical and 2040
mm in horizontal directions. However, the described method
was not concerned with the determination of potential ground
displacement—the survey was taken only once on October 31,
2010. The rapid-static campaign method above the extracted
mining panels was introduced by Dolezalova et al. [1]. The
calculation of GPS observations was carried out in DD mode,
however, the type of applied GNSS products and the interval of
collected data were not specified. The authors considered only
vertical subsidence, achieving a surveying accuracy of 5 to 20
mm for the spatial position of a point (XYZ). Within the study,
information about the error estimation procedure also was not
defined. The permanent static measurements across long-wall
mining areas were performed by Lian et al. [10]. To estimate
the daily three-dimensional (3-D) positions, based on GPS,
GLONASS, and BeiDou observations, the DD technique was
applied. After 90 days of investigation, the greatest horizontal
displacement was established around 1.8 m, while the maximum
vertical subsidence was equal to —3.0 m. During the research,
the authors did not manage to calculate the real uncertainties of
the given results, providing only the precision of used GNSS
devices as 3 and 5 mm in the horizontal and vertical directions,
respectively.

The GNSS technology is a common method used to monitor
ground displacements, however, investigation of the feasibility
and accuracy of particular GNSS techniques is not commonly
tested. Xu et al. [6] verified the ability of PPP service to detect
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mining deformation using various quality metrics. As a test site,
the IGS geodetic BJFS station was selected. The case study was
performed based on GPS data collected from March 7, 2008,
2009, and 2010. The interval of observations was equal to 30 s
and the time series of coordinates was established in P-P mode
using the IGS final products. The reference dataset was created
using Scripps Orbit and Permanent Array Centre. The vertical
and horizontal root mean square (RMS) errors of the PPP method
were estimated as “below 2 cm” and the minimum detectable
3-D ground deformation was described there as 5-25 mm.

The main aim of the presented paper is to systematize existing
knowledge on the reliability and accuracy of GNSS estimation
services regarding permanent long-term ground displacement
monitoring. As a part of the EPOS-PL project’s (https://epos-
pl.eu/) GNSS Data Research Infrastructure Centre (Polish ab-
breviation CIBDG) [11], Wroctaw University of Environmental
and Life Sciences established a local network of GNSS stations
and a computing GNSS center to monitor ground deformations
in the Upper Silesia coal mining area. The CIBDG computing
center processes data in real-time using the PPP-RT method [12],
[13] and the near real-time DD calculation scenario [14]. The
CIBDG is one of the research infrastructure centers involved in
investigating the mechanisms of anthropogenic threats related
to underground mining for the EPOS-PL project [11]. The data
and results collected within the project are made available on
the IS-EPOS platform [15] through the Thematic Core Service
Anthropogenic Hazards (https://tcs.ah-epos.eu/) using the so-
called multidisciplinary upper Silesian episodes (MUSE).

This research presents the results of two years of monitoring
ground deformations in coal mining areas in Upper Silesia
in Poland. The long-term subsidence events were verified via
real-time (RT) and near real-time (NRT) GNSS techniques and
cross-referenced with a daily P-P solution. During analysis,
several factors were taken into account to characterize the fea-
sibility and accuracy of displacement determinations, e.g., the
minimum significant value concerning deformation detection,
and the minimum time span of its occurrence. Section II pro-
vides a detailed description of the GNSS processing strategies.
In Section III, the methodology used for the verification and
detection of deformations is described. Section IV demonstrates
the results concerning displacement monitoring capabilities. In
Section V, we summarize and discuss all the results obtained.

II. DATA PROCESSING STRATEGIES

The RT and NRT GNSS displacement monitoring methods
present various significant differences in computational strate-
gies. Among these discrepancies, the most fundamental referred
to the technique of position determination and the interval of
calculations. The RT service is based on the absolute PPP method
running in 30-s intervals, while the NRT processing scenario
relies on a relative DD solution with a 15-min sampling rate of
estimation. Therefore, to ensure the integrity of the reference
data for the RT and NRT systems in the Upper Silesian area,
it was necessary to establish an independent GNSS calculation
strategy. Separate computations were carried out in P-P mode
based on the final GNSS products.
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Fig. 1. Locations of GNSS stations involved in the DD network for the P-P
and NRT systems (red rectangles and green dots, respectively) and used in PPP
by the PPP-RT service (green dots).

Furthermore, in this study, another GNSS method for long-
term displacement monitoring was tested (but not in RT or NRT
mode). This service is based on Bernese GNSS Software v.
5.2 [16] and normal equations (NQO) stored during the NRT
computations, which are combined in the so-called stacked-
NRT solution (NRT-S). The stacking procedure was essential
to determine the actual coordinates of all processing stations,
providing a priori information for the NRT calculations. As a
result, a time series with a daily data interval was obtained for
the deformations. A detailed description of the differences in the
presented calculation strategies is shown in Table I.

A. Postprocessing (P-P) Service

The multi-GNSS P-P solution was performed using the
DD technique. In this approach, 14 stations involved in the
IGS and EPN networks served as reference points. To obtain
the coordinates and velocities of the reference stations in the
ITRF2014 frame, we applied data from a SINEX format file
(EPN_A_IGS14.SNX). The SINEX file, created by CATREF
software [24], was acquired from the EPN FTP server (ftp:
/lepncb.oma.be/). The set of reference stations was the same
for the P-P, NRT, and NRT-S solutions (see Fig. 1).

The P-P solution relied on GPS, GLONASS, and Galileo
observations and was performed in the Bernese GNSS Software
v. 5.2 [16] with a daily computational interval. Furthermore,
the processing scenario was based on the final precise GNSS
products (see Table I). These products included the orbits and
clocks of the multi-GNSS satellites obtained through the Center
for Orbit Determination in Europe (CODE, [22]). To ensure
the highest precision in the calculations, individual antenna
calibration models were used for the EPN stations. The an-
tenna calibration data were acquired from the epnbc_14.atx file
(ftp://epncb.oma.be/).
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TABLE I

SUMMARY OF THE PPP-RT, NRT, NRT-S, AND P-P STRATEGIES

GNSS service

Parameter real-time near real-time stacked NRT post-processing
(PPP-RT) (NRT) (NRT-S) (P-P)

Technique PPP DD DD DD

Interval of calculations 30 s 15 min 1 day 1 day

Latency of results <ls 5-14 min 2h 2 weeks

Time window - 6h 2 weeks 1 day

Observables

pseudo-range and carrier
phase

pseudo-range and carrier
phase

NQO files from NRT

pseudo-range and carrier
phase

Frequencies (RINEX
3.05 notation)

GPS: L1/L2,
Galileo: E1/E5a

GPS: L1/L2,
GLONASS: G1/G2

GPS: L1/L2,
GLONASS: G1/G2,
Galileo: E1/E5a

Inter-system weighting

elevation (e) dependent:

zenith (z) dependent:

zenith (z) dependent:

sin(e) cos(z)’ - cos(z)’
Cut-off angle 3° 5° - 5°
Troposphere delay MF UNB3m mapping

and a priori data

functions [17]

dry VMF1-FC [18]

dry VMF1 [19]

Site-specific ZTD
correction with MF
coefficients

wet delay estimated as a
Smm/ \/Z random walk

wet VMF1-FC [18] with
a lmm/ \/Z relative

wet VMF1 [19] with a
lm/ «/Z relative constraint

process constraint
linear horizontal . . L.
imation 1201 with linear horizontal estimation
ZTD horizontal linear horizontal estimation [20] with a B 207 with a 0.1 / \/Z
gradient estimation [20] 0.1mm/ \/Z relative [20] witha O.1m

constraint

relative constraint

Satellite orbits and
clocks

fixed from real-time
CNES stream
(SSRAOOCNEDO)

IGS ultrarapid [21]

CODE final [22]

Receiver clock

estimated GPS clock and
ISB for other systems

Code and phase biases

absolute, from real-time
CNES stream
(SSRAOOCNEDO)

Ambiguity resolution

L6/L3, L5/L3, QIF

L6/L3, L5/L3, QIF

Solution type

undifferentiated and not
combined with float
ambiguities

minimum constraint on
translation

minimum constraint
on
translation

minimum constraint on
translation

Correction models

phase wind-up,
relativistic delays, solid
earth tides, receiver
antenna phase center
offset, and variation [23]

IGS Earth rotation
parameters,
post-seismic
deformations,
ionosphere-free
combination in final
solution, ocean and
atmospheric tidal
loading, antenna phase
center offset, and
variation

post-seismic
deformations,
ionosphere-free
combination in final
solution

CODE earth rotation
parameters,

post-seismic deformations,
ionosphere-free
combination in the final
solution,

ocean and atmospheric tidal
loading, CODE's Global
Tonosphere Maps for QIF
strategy, antenna phase
center offset, and variation

The method to resolve phase ambiguities in the assigned
network vectors was determined according to their approximate
lengths. For the longest baselines of more than 200 km, a strategy
based on the Melbourne—Wiibbena linear combination (L6) was
adopted. In the subsequent run, the ionosphere-free (L.3) linear
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combination was processed, the Melbourne—Wiibbena ambigu-
ities were introduced as known, and the narrow-lane (L1) ambi-
guities were resolved. For medium-length vectors (between 20
and 200 km), the wide-lane linear combination (L5) was used to
initial estimate integer phase ambiguities to be introduced in the
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following narrow-lane ionosphere-free (L3) phase ambiguities
estimation. The quasi-ionosphere-free (QIF) strategy was also
applied to the remaining real-valued ambiguities. For baselines
shorter than 20 km, the L1&L2 frequencies were used indepen-
dently for ambiguity resolution [16]. To verify and validate the
quality of the P-P results, we compared the P-P coordinate time
series with an external and independent data source- the EUREF
combined coordinate solution (Section II-E).

B. Near Real-Time (NRT) Methods

The NRT service, also called the ultrafast NRT, was im-
plemented within the EPOS-PL project. The most important
characteristic of the ultrafast NRT service is a shortening of the
usual hourly interval between the NRT GNSS data processing
to a 15-min interval with 5-14 min of latency from the last
observation to the processing results. The ultrafast method of
DD estimation was developed based on an in-house algorithm
[14]. In the first minute of each quadrant, the ultrafast NRT
system acquires GNSS observations and products simultane-
ously. Therefore, the remaining time (14 min) is used for
the calculations of Bernese GNSS Software v 5.2 [16]. The
data required for the calculations in this article were gath-
ered via RTCM streams (www.igs-ip.net, www.euref-ip.net,
Itg10.gislab.up.wroc.pl) and FTP services (ftp.aiub.unibe.ch/,
ftp://igs.ensg.ign.fr/, nonpublic ASG-EUPOS FTP server).

The NRT and P-P strategies were implemented using similar
parameters and methods (see Table I). Among the crucial ones,
we can distinguish the intersystem observation weighting, the
elevation of the cut-off angle, and the minimum constraint
on translation solution type. Despite several similarities, the
differences involved such parameters as: calculation intervals
(15 min versus 1 day), estimation time windows (6 hours versus
1 day), GNSS observations (GR versus GRE), GNSS product
types (IGS ultrarapid versus CODE final), and tropospheric
mapping functions (VMF1-FC versus VMF1) with different
relative constraints on ZTD and linear gradient variations.

In order to compare the results of the NRT systems in the time
resolution domain of the P-P service, an average daily solution
was also calculated. The NRT dataset obtained with a daily time
span was defined as NRT-D. Note that there is a very strong
connection between the NRT and the NRT-D results.

C. Stacked NRT Solution (NRT-S)

The main purpose of the stacked NRT solution was to en-
sure the initial coordinates and velocities for all GNSS stations
included within the NRT processing without necessarily intro-
ducing any new GNSS observations. In contrast to the NRT-D
approach, where the averaged data for a particular day were con-
sidered, the results of the NRT-S solution were determined with a
combination of the normal equations stored within the previous
two weeks. The evaluation procedure was launched in a daily
mode two hours after the end of the previous day. The calculation
strategy was based on No-Net-Translation and the minimum
constraint solution. The Helmert translation control for fiducial
stations, with thresholds of 15 mm for the horizontal components
and 30 mm in the vertical direction, was also applied. The
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coordinates were established at midday on the previous day.
The summary of the NRT-S strategy is presented in Table I.

D. PPP Real-Time (RT) Variants

GNSS observations were also processed in an absolute man-
ner with the PPP technique. Continuous estimation in a real-time
regime was performed with corrections prepared by the Centre
National d’Etudes Spatiales (CNES) via the Internet RTCM
stream at the mount point SSRAOOCNEQ. The observations
were processed with the in-house developed software GNSS-
WARP (Wroclaw Algorithm for Real-Time Positioning, [12]).
The calculation strategy is described in detail in Table I. The
observations were processed continuously without reinitializa-
tion (PPP-RT) at 30-s intervals. Additionally, the same set of
data was calculated for each day separately. The last position in
a day was considered in the further analyses (PPP-RT-D). Both
processing methods were conducted using the strategy described
in Table I.

E. Reference Solution (EUREF)

In this article, we used the EUREF combined coordinate
solution as the reference data source for the multi-GNSS P-P
service. The comparison allowed an assessment of the quality
of station coordinates in the P-P mode. The overall evaluation
was conducted using 14 reference stations belonging to the IGS
and EPN networks. Details of the comparison are described in
Section IV-A.

The EUREEF results were created based on the daily GNSS
solutions generated by the EPN analysis centers (ACs). The ACs
process the observations of the assigned subnetwork according
to the guidelines covering the analysis procedure and submis-
sion of the results (www.epncb.oma.be). As of 31/01/2022,
there were 16 EPN ACs. To obtain the combined daily and
weekly positions of the IGS and EPN stations, the ACs’ normal
equations were combined by the EPN AC Coordinator (ACC,
http://www.epnacc.wat.edu.pl/) using Bernese GNSS software
[16]. In the main calculation procedure, the daily outcomes were
stacked together with the previous 10 weekly solutions and
compared with the resulting combination using a 7-parameter
transformation. Stations with coordinate residuals exceeding 15
mm for the horizontal components or 25 mm in the vertical
direction were eliminated from the analyses.

The combined coordinate solutions were realized using No-
Net-Translation and minimum constraint conditions in align-
ment with the IGS 14 reference frame. The minimum constraints
were imposed on IGS stations with coordinate differences that
did not exceed thresholds of 8 mm in the horizontal direction
and 15 mm for the vertical component. The combined daily and
weekly coordinate solutions are available on the EPN server
(ftp://epncb.oma.be/) in SINEX format (EURWWWWD.SNX,
where WWWW indicates GPS week and D indicates GPS day).

III. VERIFICATION OF DEFORMATION DETECTION METHODS

During the study, it was necessary to adopt a universal method-
ology for comparing results within the temporal and spatial
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domains. In the temporal domain, different intervals were used
to achieve coordinate time series (30 s for PPP-RT, 15 min
for NRT, and 1 day for PPP-RT-D, NRT-D, NRT-S, and P-P).
Therefore, two separate manners of temporal cross-comparison
were established. The first time domain was defined as a 15-min
interval and was applied for PPP-RT, NRT, and P-P services (the
PPP-RT data set was reduced, and the P-P results were linearly
interpolated), while the second manner corresponded to a daily
sampling and was used for PPP-RT-D, NRT-D, NRT-S, and P-P
strategies.

In the case of the spatial domain, all described computational
services used the geocentric ITRF2014 reference frame [25]. To
avoid the impact of Euro-Asian plate drift, the coordinates were
transformed to the ETRF2014 reference frame [26]. Afterward,
for a better understanding of the local displacements occurrence,
the geocentric coordinates were converted to the topocentric
NEU frame indicated as follows:

N —sin(B) cos(L) —sin(B)sin(L) cos(B)
E| = —sin(L) cos(L) 0
U cos(B)cos(L)  cos(B)sin(L) sin(B)
Xi - Xref
X Y; - }/ref (1)
Zi - Zref

where N, E, and U are the North, East, and Up topocentric
coordinates, respectively; B and L are the longitude and latitude
of the reference point, respectively; X;, Y;, and Z; are the geo-
centric coordinates of the GNSS station determined for the ¢th
computational epoch; and X.f, Yier, and Z.¢ are the geocentric
coordinates of the reference epoch. The most illustrative way
to present the variation in the position of a GNSS station over
time is to use the first epoch as the reference value. Instead, to
avoid adopting an outlier as the initial position, the averaged
coordinates from the first five computational epochs were used
as the reference values.

The cross-validation of the results obtained from a particular
GNSS processing scenario was performed via statistical calcu-
lations. In relation to the reference database of coordinates, the
following statistical parameters were determined: the residual
values between two data sources estimated for the same ith
epoch- res; (2), the systematic error- BIAS (3), the standard
deviation of the residuals- STD (4), and the root mean square
error of the residuals- RMS (5)

res; = x; — T 2)
1 n
BIAS = — Z res; (3)
n =1
1 & 5
STD =, | — ; — BIAS 4
- ; (res ) “

RMS = /BIAS2+STD2 (5)

where z} and 2] are the verified and reference values at the
ith epoch, respectively, and n is the number of common epochs.
The statistical analysis performed for the results achieved by the
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Fig.2. RMS errors of the P-P solution in comparison to the EUREF final data

source.

computational services gives a general quality overview of the
obtained coordinates. However, a more detailed investigation
of the significant occurrence of ground deformation with the
minimum time span required to register it is described in the
second part of the paper which uses the following:

dsig Z V XQ(k) sy (6)

where dy, is the significant deformation value, x? (k) represents
the critical value of the chi-square distribution with k degrees
of freedom for a one-sided test, and m is the RMS error of the
deformation value. For a 0.05 level of significance and a single
direction of displacement (k = 1), the x? critical value is equal
to 3.84.

IV. COMPARATIVE ANALYSIS OF DISPLACEMENTS

The analysis of RT and NRT displacement monitoring was

performed in three sequential stages:

1) An investigation into whether the P-P computation could
represent a source of reference data in further analyses
(Section IV-A).

2) The cross-validation of the results obtained from particular
GNSS service calculations via statistical computations
(Section IV-B).

3) Aninvestigation into the possibility of long-term deforma-
tion detection by the various computational GNSS systems
(Section IV-C).

A. Verification of Postprocessing Service

In order to compare the P-P and EUREF solutions, time
series of daily positions were analyzed for 14 common IGS and
EPN stations. The investigation concerned the RMS errors for
three topocentric components: North, East, and Up (see Fig. 2).
To convert geocentric positions to topocentric frame, reference
coordinates were required. Therefore, for each station, the initial
positions were set as the average of the geocentric coordinates
of the first five epochs of the EUREF dataset.

Based on the RMS error bar chart (see Fig. 2), it can be
concluded that the quality of the determination of the horizontal
components is very high. The RMS error value does not exceed
2 mm for any station. Moreover, for only two sites, the RMS
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values are greater than 1 mm for the North component (BPDL
and GANP). The East RMS errors are slightly higher and are in
the range of 1-2 mm.

On the contrary, the errors for the vertical component are
almost two times larger in comparison to the horizontal direc-
tions. The RMS errors exceed 3 mm overall, furthermore, for
four stations, the errors overrun 4 mm (BPDL, KRA1, KURE,
and TOR2). Therefore, it was necessary to analyze the reason
for the larger RMS errors in the vertical direction.

For this investigation, the P-P and EUREF datasets obtained
for one of the stations (WROC) were compared. In Fig. 3, aslight
BIAS (3) for the eastern component (-2 mm) can be observed in
both solutions. Assuming a similar distribution of BIAS for the
other stations, it can be concluded that this discrepancy affects
RMS East values on the order of 1-2 mm. However, the most
substantial variations in the time series occur in the vertical
component. The larger noise can be observed for the EUREF
dataset compared to the P-P system. To determine the noise
rate, the STD (4) was calculated. A detailed analysis of the noise
level in the EUREF time series for all stations is presented in
Fig. 4.

The STD values of the EUREF solution demonstrate a similar
distribution to the RMS errors between the EUREF and P-P data
sources (see Figs. 2 and 4). Therefore, the larger RMS errors for
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Fig. 5. Time series of coordinates for the CESI EPOS-PL station in the
ETRF2014 reference frame in the North, East, and Up directions, performed
in the epoch (a) and daily (b) time frames.

the vertical component can be related to the internal noise level
of the EUREF dataset. As a result of its verification, the P-P
service can be used as a reference for the PPP-RT, PPP-RT-D,
NRT, NRT-D, and NRT-S strategies.

B. Verification of Real-Time and Near Real-Time Systems

The main goal of the research was to investigate the possibility
of monitoring ground deformations using RT or NRT GNSS pro-
cedures. The systems differ mainly in the manner of coordinates
estimation, which essentially contributes to the accuracy of the
obtained results. Therefore, the quality of the coordinate time
series was verified through RMS errors in reference to the P-P
database.

The area of interest for ongoing ground deformation monitor-
ing was the Upper Silesia region. In this active mining territory of
Poland, significant movements reaching up to 1.6 m/year, can be
potentially observed using the interferometric synthetic aperture
radar (InSAR) technique [27]. Hence, as part of the EPOS-PL
project, four GNSS receivers were located in the expected sub-
sidence areas. In this study, observations of two years’ time span
were analyzed. However, ground deformations were registered
for only two stations: CES1, located in Chetm Slaski (see Fig.5),
and RESI, located in Rybnik (see Fig. 6). As mentioned in
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Fig. 6. Time series of coordinates for the RES1 EPOS-PL station in the
ETRF2014 reference frame in the North, East, and Up directions, performed
in the epoch (a) and daily (b) time frames.

Section III, the verification of the RT and NRT systems was
performed under two manners: (a) 15 min, and (b) daily.

The maximum deformation values for the CES1 station oc-
curred at the end of the observation period and reached around
120 mm for the North and —80 mm for both East and Up
directions. The northern displacement increased almost steadily
from the beginning of the calculations, while the eastern and ver-
tical components oscillated marginally and after several months
the rate of movement increased. Around September 2019 the
eastern displacements started growing rapidly, while the vertical
component began to reach significantly higher values around the
second half of 2020. Due to the lack of data for the CES1 station,
caused by technical issues, it was not possible to observe the
exact moment when vertical subsidence began.

During the two years of observations, the maximum dis-
placements for the RES1 station reached around 90 mm for
the North, 30 mm for the East, and —100 mm for the Up
directions. The northern and vertical ground motions increased
almost steadily, however, the movement observed in the eastern
direction achieved relatively low values that varied over time.
In the first stage of this displacement, slightly negative values
were recorded (westward movements), and then the deformation
reversed direction, reaching a peak around the end of 2019. In
the last phase, the eastern displacement slowly began assuming
the initial position.
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Fig.7. Quality of the NRT-S, NRT-D, NRT, PPP-RT, and PPP-RT-D solutions
in comparison to the P-P data source.

Using the epoch-based approach [see Figs. 5(a) and 6(a)], it
was challenging to recognize which system (NRT or PPP-RT)
was more efficient in terms of monitoring deformations. For both
methods, the noise of the output was higher than for the reference
data source (P-P). However, the NRT results were much more
consistently distributed. The PPP-RT data showed more long-
term tendencies for both stations than the reference P-P solution,
e.g., the RT service obtained lower values for Up from 01/2019
to 08/2019 and greater values for East from 12/2020 to the end
of 03/2021. Furthermore, some significant coordinate variations
of the PPP-RT process were also noticeable, especially for the
CESI1 station [see Fig. 6(a)].

In the daily interval domain [see Figs. 5(b) and 6(b)], a high
agreement can be observed between the NRT-D and NRT-S
results with reference to the P-P service. However, the displace-
ments registered by the PPP-RT-D processing were character-
ized by a much higher level of measurement noise. All the dis-
crepancies and similarities mentioned above directly contributed
to the RMS errors. Fig. 7 shows the summarized accuracies for
all the analyzed EPOS-PL stations. The uncertainty values were
defined as the amounts of measurement noise from particular
computational methods. Thus, a polynomial trend was estimated
and eliminated separately for the North, East, and Up time
series according to the P-P service results. Furthermore, after
trend removal, the low-frequency residual values were filtered
to obtain a normal distribution for the measurement noise.

The P-P service obtained the lowest RMS values, however,
the established errors were not affected by the BIAS values-
based on P-P data the polynomial function was estimated. Nev-
ertheless, the NRT-S and NRT-D services presented similar or
slightly larger horizontal error values within the range of 1-2
mm. The exceptions consisted of eastward values for stations
LES1 and CESI1, where the errors reached around 3 mm for
both the NRT-S and NRT-D services. In horizontal domains,
the NRT system achieved RMS errors in the range of 2—4 mm,
with the exception of the eastern direction for the CES1 station
(5 mm). In contrast, the PPP-RT and PPP-RT-D scenarios had
errors over 5 mm, which were highest at stations CES1 (9 mm)
and KES1 (10 mm) in the eastern direction.

In terms of vertical components, both the P-P and NRT-S
services achieved similar errors, which were within 2—3 mm for
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TABLE II
NUMBER OF DAYS AFTER THE SIGNIFICANT DEFORMATION VALUE IN A
SPECIFIED DIRECTION COULD BE OBSERVED VIA GNSS SERVICE

GNSS service [days]

Station ]211;?10 P-P NRT-S NRT-D NRT @ rr- PPP-
RT RT-D

N 34 37 43 52 86 99

CESI E 32 63 70 142 303 310
U 101 144 316 401* 537 592

N 17 23 24 33103 123

RESI E 15 47 49 94 268 277
U 44 65 108 123 180 222

Note: *Due to a lack of observations, it was not possible to determine the
exact moment when the significant value occurred

TABLE III
MINIMUM DEFORMATION THAT CAN BE DETECTED BY THE INDICATED GNSS
SERVICE

GNSS service [mm)]

Component
P-P NRT-S NRT-D NRT PPP-RT PPP-RT-D
N 3 3 4 5 10 12
E 2 4 4 7 15 16
U 4 5 9 11 20 28

all stations. The NRT-D errors exceeded 4 mm, recording the
highest RMS error for the CES1 station (6 mm). For the NRT
system, the accuracy range was 5-6 mm, excluding station CES1
(8 mm). The PPP-RT solution achieved or slightly exceeded
10 mm RMS errors, while the least successful adjustment to
the vertical reference data occurred for the PPP-RT-D. For this
procedure, the average RMS errors were between 13 and 14 mm
with a maximum of 16 mm for the KES1 station.

C. Detection of Deformations

The possibility of long-term ground deformation monitoring
via GNSS services was analyzed using two procedures. In
the first approach, the minimum time spans required to detect
deformations at the CES1 and RES| stations were investigated
(see Table II). The second approach involved determining the
minimum displacement value that could be detected by each
GNSS strategy (see Table III). The determination of these two
parameters was mainly related to the accuracy of the estima-
tion of the particular GNSS service and was performed using
inequality (6).

1) Time Span Approach: In the time span approach, the
verification was carried out to identify the number of days since
a significant value in a specified direction could be observed
via the particular GNSS scenario. The initial epoch for all
GNSS systems was 01/01/2019, therefore, the number of days in
Table II always refers to the days from that date. The parameter
was determined based on the displacement values and uncer-
tainties estimated for stations CES1 and RES1. The analysis
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was carried out for the P-P, NRT, and RT services. It should be
noted that the number of days depended on the movement rates
of the North, East, and Up components.

As mentioned in Section IV-B, for station CES1, the north-
ward displacement increased constantly from the beginning of
the calculation. For the P-P and NRT-S systems, significant
values in the northern direction were observed after around
a month (34 and 37 days, respectively). For the other GNSS
services, this time ranged from around 1.5 months for the NRT-D
and NRT (43 and 52 days) to around 3 months for the RT systems
(86 and 99 days).

The eastern component rate of the CES1 station started to
increase after approximately nine months, however, for the P-P
strategy, a significant value could be defined after around one
month (32 days). The NRT service group recorded significant
displacements after 2 months (NRT-S and NRT-D) and after
4 months (NRT). Overall, the real-time calculations were able
to register significant values at the end of 2019 when eastern
deformation began increasing (10th month).

In the first year of observation, the vertical subsidence of the
CESI station were not as dynamic as the horizontal displace-
ments. Using the P-P scenario, a significant deformation was
observed after 3.5 months (101 days), while the NRT-S system
took 4 months (144 days). For the NRT-D and NRT, this time
ranged from 10 to 13 months (316 and 401 days, respectively),
whereas for PPP-RT and PPP-RT-D, it took from 18 to 20 months
(537 and 592 days, respectively). However, for the NRT system,
it was not possible to determine the exact moment when the
significant value occurred due to a lack of observations (it could
have taken less time).

In the case of the RES1 station, the northern movement con-
tinuously increased with time. For the P-P strategy, a significant
value for the North component was observed in the middle of the
first month (17 days). For the NRT-S and NRT-D, this time span
was less than a month (23 and 24 days, respectively), whereas
the NRT system took just slightly more than one month (33
days), the PPP-RT service registered displacement after around
3.5 months (103 days), while the PPP-RT-D procedure took over
4 months (123 days).

The eastern component of RES1 achieved its maximum value
of approximately 30 mm around the end of 2019, and after
several months, the deformation regressed to the initial position.
The P-P system was able to detect ground motion that occurred
in the western direction in the middle of the first month (15
days), while the NRT-S and NRT-D could detect this movement
after 1.5 months (47 and 49 days, respectively). For the NRT
computations, a significant value for the eastern direction was
observed after around 3 months (94 days), and RT services
picked up movement in the third quarter of the year (268 and
277 days for PPP-RT and PPP-RT-D, respectively).

The vertical subsidence increased almost continuously over
time. A considerable value was observed after around 1.5 months
(44 days) for the P-P scenario, after around 2 months (65 days)
for the NRT-S, after 3.5 months (108 days) for the NRT-D, and
after around 4 months (123 days) for the NRT. The RT systems
were able to detect a subsequent displacement after 6 and 7.5
months (for the PPP-RT and PPP-RP-D, respectively).
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2) Minimum Detectable Value of Displacement: In the sec-
ond approach, the minimum detectable value of the deformation
was investigated (see Table III). The evaluation was performed
using the residuals from all EPOS-PL stations. The values were
determined as a measurement noise obtained from coordinate
datasets without the polynomial trend, which was estimated
according to the results of the P-P approach. Furthermore, after
removing the trend, the low-frequency residual values were
filtered out to obtain a normal distribution for the measurement
noise. The most successful results were achieved for the P-P
service (3 and 2 mm for the horizontal and 4 mm for the
vertical components). For the GNSS NRT calculation methods,
the minimum detectable values of horizontal deformation did
not exceed 10 mm. In this domain, the northern displacements
were within 3 mm (NRT-S) to 5 mm (NRT), while for the eastern
direction, the values were 4 mm for both NRT-S and NRT-D, and
7 mm for the NRT procedure.

In the case of the vertical component for the NRT methods,
only the NRT system slightly exceeded a value of 10 mm.

For the RT services, significant values were determined to be
10 and 15 mm for the horizontal and 20 mm for the vertical
components. The most unsatisfactory results were obtained for
the PPP-RT-D (12 mm for N, 16 mm for E, and 28 mm for
U). In addition to having the lowest detectability, the PPP-RT-D
computations were performed in a daily interval mode.

V. CONCLUSION

In contrast to the point-based GNSS technique, the InSAR
methods enable spatial monitoring of ongoing ground deforma-
tions. The remote sensing areal investigations provide a better
overview of the local terrain changes, however, the accuracy
of radar images is lower than the ground-based GNSS mea-
surements. Therefore, the long-term GNSS observations are a
valuable data source in the integration procedure with InNSAR
methods. The real-time/near real-time GNSS techniques provide
the positions with a few seconds/minutes delay using broad-
cast/ultrarapid products, whereas the Sentinel-1’s precise orbits
are available after around two weeks from the acquisition time.
The latency in InSAR products implies that the GNSS results
could be applied to improve InSAR spatial mapping, however,
InSAR interferograms could not be used to reduce the RMS
errors in RT/NRT monitoring.

In this study, the possibility of ground deformation detection
by RT and NRT techniques was examined. During the analy-
sis, several factors were taken into account to characterize the
feasibility and accuracy of displacement determination. To per-
form the quality of RT and NRT estimation, observations were
processed in the independent multi-GNSS P-P service using the
final CODE products. Furthermore, the accuracy level of the
in-house P-P system was investigated. To verify the quality,
external data from the EUREF combined solution were used.
The RMS errors for the horizontal components did not exceed
2 mm, whereas, in the vertical direction, the errors were in the
range of 3—-5 mm. Nevertheless, the existence of significant noise
(expressed in standard deviation units) between 3 and 5 mm in
the EUREEF time series should be noted. Thus, the P-P scenario
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was considered as the reference data source for the PPP-RT,
PPP-RT-D, NRT, NRT-D, and NRT-S services.

This article examined two years of ground movement moni-
toring for the EPOS-PL network. The verification procedure for
the RT and NRT systems included investigating the achieved
accuracy, the time span required to detect a significant dis-
placement, and the determination of the minimum detectable
value of deformation. Compared to the P-P data source, for the
horizontal components, the NRT approach had RMS errors of
around 24 mm, while the RT errors ranged from 5 to 10 mm. In
the vertical direction, the NRT had RMS errors of 5—-6 mm, while
the RT service had RMS errors in the range of 10-16 mm (see
Fig. 7). The results confirmed that the automated computing
postprocessing and near real-time infrastructure developed in
EPOS-PL CIBDG can detect displacements with subcentimeter
accuracy.

To conclude, regarding the accuracy level of the long-term
deformation calculations and the latency of the estimation pro-
cess, the NRT-S service achieved the most efficient results.
The normal equation files, stored during the 15-min NRT
computations, combined within the NRT-S procedure, ensured
statistical parameter values comparable to the P-P reference
solution. Nevertheless, NRT-S calculations are completed with
a significantly shorter latency than in the P-P service; the NRT
stacked results are available two hours after the end of the day,
whereas P-P results are estimated with the delay of about 2
weeks, depending on the availability of GNSS final products. All
GNSS computation strategies presented in this article are fully
scalable and can be applied wherever automated displacement
monitoring is required. Moreover, the investigation presented
in this article provides knowledge about the capability and
precision of particular permanent GNSS techniques regarding
long-term ground movement detection.
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